Aims/hypothesis Diabetogenic loci for type 2 diabetes have been mapped to mouse chromosome (Chr) 11 and 14 in the Nagoya-Shibata-Yasuda (NSY) mouse, an animal model of type 2 diabetes. We aimed to obtain direct evidence of these genes on each chromosome and to clarify their function and interaction in conferring susceptibility to type 2 diabetes. Methods We established three consomic strains homozygous for diabetogenic NSY-Chr11, NSY-Chr14 or both on the control C3H background (C3H-11 NSY
Introduction
Type 2 diabetes is a multifactorial disease caused by a complex interaction of environmental and genetic factors, with the latter consisting of multiple susceptibility genes, making it difficult to clarify their functions and interactions in conferring susceptibility to diabetes in humans. Inbred animal models of diabetes are therefore invaluable in dissecting such a complex interaction.
The Nagoya-Shibata-Yasuda (NSY) mouse was established as an inbred animal model with spontaneous development of type 2 diabetes by selective breeding for glucose intolerance from the closed colony of Jcl:ICR mice [1] . The phenotypes of the mouse resemble human type 2 diabetes in that the onset is age dependent, the animal is moderately obese and both impaired insulin response to glucose and insulin resistance contribute to the disease development [2] [3] [4] [5] [6] [7] [8] . Two quantitative trait loci (QTLs) on chromosome (Chr) 11 (Nidd1n) and Chr14 (Nidd2n), which affect glucose tolerance, have been identified in crosses of NSY mice with control C3H mice [7] . Nidd1n and Nidd2n have been suggested to affect glucose tolerance through impaired insulin secretion and insulin resistance, respectively [7] . The peaks of the linkage curve for Nidd1n and Nidd2n have been positioned in the region between D11Mit236 (20.0 cM) and D11Mit195 (47.0 cM) and in the region near D14Mit59 (15.0 cM)/D14Mit5 (22.5 cM) [7] . The regions showing significant linkage for Nidd1n and Nidd2n were broad, however, suggesting the possibility that multiple genes on the same chromosome contribute to the linkage of the regions, as was evidenced by the contribution of multiple susceptibility genes on the same chromosome to susceptibility to diabetes in the NOD mouse model of type 1 diabetes [9] [10] [11] . In fact, in addition to Nidd1n in the central part of Chr11, the existence of another locus near D11Mit76 (2.0 cM), the most centromeric region on Chr11, distinct from the Nidd1n region, was suggested in our previous study [7] .
The present study was performed to obtain direct evidence for susceptibility genes for type 2 diabetes on Chr11 and Chr14, and to clarify their function as well as interaction in conferring susceptibility to type 2 diabetes. To this end, we adopted a consomic approach [12] , in which a whole chromosome of interest was introgressed onto the genetic background of the control strain. We first constructed two homozygous consomic strains, namely C3H-11 NSY and C3H-14 NSY mice, which carry an NSYderived susceptible Chr11 or Chr14, respectively, on the control C3H background. Then, we established a double consomic strain, C3H-11 NSY 14 NSY , containing both NSYChr11 and NSY-Chr14 in homozygous states on the C3H background. Various kinds of diabetes-related phenotypes of consomic strains have been monitored carefully and longitudinally. Finally, we performed sequence analysis of the glucokinase gene (Gck) on Chr11 (1.0 cM), as a functional candidate gene with peak linkage located in the centromeric region.
Methods

Animals
The NSY colony was maintained in the animal facilities of Osaka University Graduate School of Medicine. C3H/HeNcrj mice were purchased from Charles River Laboratories (Kanagawa, Japan). All mice had free access to tap water and a standard diet (CRF-1: Oriental Yeast, Tokyo, Japan) in an air-conditioned room (22-25°C) with a 12 h light-dark cycle (6:00-18:00 hours). Experimental designs were approved by the Osaka University Graduate School of Medicine Ethics Committee. Male mice were used for all experiments. Fig. 1 ) were produced by mating (NSY×C3H) F1 with C3H and selecting males that were heterozygous for the whole Chr11. These male mice were mated with C3H female mice, and their male progeny, heterozygous for the whole Chr11, were used for the next generation. In this process, we adopted a marker-assisted speed congenic method [13] . Namely, in every generation after the N3 generation, background genes were typed with polymorphic markers throughout the genome, and the best male mouse, which had the most substituted C3H genotype, was selected for breeding. This process was repeated until all the markers for background typing became homozygous for C3H genotypes (N6 or N7). Mice heterozygous for Chr11 were then intercrossed to obtain mice homozygous for Chr11. A total of four mice homozygous for NSY-derived Chr11 were obtained at the N6F1 (one out of 40 mice) and N7F1 (three out of 46 mice) generations. This line was maintained by brother-sister mating.
C3H-14 NSY mice (ESM Fig. 1 ) were constructed in the same way as for C3H-11 NSY mice. Five mice homozygous for NSY-derived Chr14 were obtained in the N8F1 generation (five out of 99 mice), and the line was maintained by brother-sister mating.
C3H-11 NSY 14 NSY mice (ESM Fig. 1 ) were produced by mating (C3H-11 NSY × C3H-14 NSY ) F1 with C3H-14 NSY and selecting mice that were homozygous for the NSY-derived allele at all loci on Chr14 and heterozygous for the NSYderived allele at all loci on Chr11 (4/62 mice; 6.5%). These mice were crossed with C3H-11
NSY to obtain mice that were homozygous for the NSY-derived allele at all loci on Chr11 and heterozygous for the NSY-derived allele at all loci on Chr14 (25/109 mice; 22.9%). Offspring that were homozygous for the NSY-derived allele at all loci on Chr14 as well as at all loci on Chr11 were selected (10/89 mice; 11.2%) and maintained by brother-sister mating.
Genotype analysis and localisation of markers Genomic DNA was extracted from the tail. Information on microsatellite markers was obtained from the Mouse Genome Database (www.informatics.jax.org). The markers were amplified using PCR with primers with or without labels with 6FAM, NED or HEX. A total of 79 informative marker loci spanning the whole genome were analysed (ESM Table 1 ). In particular, we used 16 markers on Chr11 (average spanning less than 5 cM) and ten markers on Chr14 (average spanning less than 7 cM) to confirm no recombination, and to confirm none of the C3H-derived genome on Chr11 (in C3H-14 NSY ) and Chr14 (in C3H-11 NSY ). The non-labelled PCR products were electrophoresed on 9% polyacrylamide gels and visualised by ethidium bromide staining. The labelled PCR products were electrophoresed using an ABI 3100 sequencer (Applied Biosystems, Foster City, CA, USA) with GENESCAN 350 ROX (Applied Biosystems) as a size standard.
Phenotypic analysis
Assessment of glucose tolerance Glucose tolerance and body weight in NSY, C3H-11 NSY , C3H-14 NSY , C3H-11 NSY 
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NSY and C3H mice were monitored longitudinally at 3, 6, 9 and 12 months of age. Glucose tolerance was assessed by intraperitoneal glucose tolerance test (ipGTT) (2 g glucose/kg body weight) in overnight-fasted mice, and blood glucose level was measured at 0, 30, 60, 90 and 120 min. The area under the glucose concentration curve (gAUC) was calculated according to the trapezoidal rule. Blood glucose level was measured directly by the glucose oxidase method using Glutest E (Kyoto Daiichi Kagaku, Kyoto, Japan).
Assessment of insulin secretion Insulin secretion in response to glucose was assessed by the insulinogenic index. IpGTT (2 g glucose/kg body weight) was performed as described above, and plasma insulin level was measured at 0, 15 and 30 min. Plasma insulin level was measured by ELISA (Morinaga, Yokohama, Japan). Incremental AUC (ΣΔgAUC) and incremental AUC (ΣΔiAUC) were calculated according to the trapezoidal rule from the glucose and insulin measurements at baseline (0 min), 15 and 30 min. Insulinogenic index was calculated as ΣΔiAUC÷ΣΔgAUC.
Assessment of insulin resistance HOMA-IR, as an indicator of insulin resistance, was calculated from the basal insulin and glucose concentrations (fasting glucose×fasting insulin).
Insulin tolerance test (ITT) was performed by injecting human insulin (0.25 U/kg) intraperitoneally in overnightfasted mice at 3, 6, 9 and 12 months of age to evaluate insulin resistance longitudinally. Blood glucose level was measured at 0, 15, 30, 45 and 60 min.
Anatomical analysis Anatomical phenotypes were studied at 1 year of age. After anaesthesia by i.p. injection of pentobarbital sodium (Dainippon, Osaka, Japan), body weight and anal-nasal length were measured. BMI was calculated as body weight in grams divided by the square of anal-nasal length in centimetres Mice were killed under sevoflurane, and the epididymal, mesenteric, retroperitoneal fat pads and interscapular brown adipose tissue (BAT) were dissected and weighed.
Sequence analysis of Gck as candidate gene on chromosome 11 Genomic DNA was extracted from the livers of NSY and C3H mice. Fourteen pairs of primers (ESM Table 2 ) were designed so that the whole ten exons and exon-intron boundaries of Gck were covered. Gck produces two isoforms, beta cell-specific and liver-specific isoforms with alternative splicing, which are different in the promoter and first exon [14] , so the primer pairs were designed separately for both. Genomic DNA was amplified by PCR with these primers, and the products were purified using a Wizard PCR Preps DNA Purification System (Promega, Madison, WI, USA). The sequencing reaction was performed using Big Dye Terminator (Applied Biosystems) according to the manufacturer's protocol, and the products were directly sequenced using an ABI 3100 sequencer (Applied Biosystems). To detect transcription binding sites, we used the TFSEARCH program (www.cbrc.jp/research/db/ TFSEARCHJ.html) [15] .
Statistical analysis
All results are expressed as mean ± SEM. Statistical analysis was performed by unpaired t test or one-way ANOVA. p<0.05 was regarded as significant.
Results
Longitudinal phenotypes of C3H-11 NSY mice C3H-11 NSY mice had significantly higher blood glucose levels after fasting (p<0.0001) and at all time points after a glucose challenge (p<0.0001) than those in C3H mice at 12 months (Fig. 1a) . No significant difference in body weight was observed between the two strains at any age, except at 3 months (Fig. 1b) . In the longitudinal analysis of glucose tolerance, C3H-11 NSY mice showed significantly higher blood glucose levels than C3H mice at all ages studied (p<0.0001) (Fig. 1c) . These results indicate that introduction of a single NSY-Chr11 can convert normoglycaemic C3H mice to hyperglycaemic mice without a change in body weight.
To better understand the mechanism of hyperglycaemia observed in C3H-11 NSY mice, we evaluated insulin secretion in response to glucose and insulin resistance longitudinally. The insulinogenic indices were significantly lower in C3H-11 NSY than in C3H mice at all ages (Fig. 1d) . The glucose-lowering effect of insulin during ITT progressively worsened with age in C3H-11 NSY mice (Fig. 1e) . The HOMA-IR value was significantly higher in C3H-11 NSY than in C3H mice at and after 6 months (Fig. 1f) . These results suggest that both impaired insulin secretion in response to glucose and insulin resistance contribute to hyperglycaemia in C3H-11 NSY mice. Furthermore, the results suggest that impaired insulin secretion in response to glucose begins as early as at 3 months and remains constant thereafter, whereas insulin resistance begins at 6 months and gets worse with age in the C3H-11 NSY strain.
To further clarify the relationship of insulin resistance with body weight and abdominal fat accumulation in C3H-11 NSY , anatomical analysis was performed. As shown in Table 1 , body weight and BMI in C3H-11 NSY mice were not significantly different from those in C3H mice. Fat-pad weight and the percentage of fat-pad weight/body weight were not significantly different either, suggesting that the age-dependent insulin resistance in C3H-11 NSY mice was independent of obesity and changes in fat accumulation.
Longitudinal phenotypes of C3H-14 NSY mice C3H-14 NSY mice exhibited significantly higher blood glucose levels after fasting (p<0.0001) and at all time points after a glucose challenge (p<0.0001) than those in C3H mice at 12 months (Fig. 2a) . Body weight was slightly heavier in C3H-14 NSY than in C3H mice at 3 and 6 months, but no significant difference was observed at and after 7 months (Fig. 2b) . Longitudinal analysis of glucose tolerance during ipGTT showed significantly impaired glucose tolerance in C3H-14 NSY compared with that in C3H mice at all ages (Fig. 2c) . No significant difference in the insulinogenic index was observed at any age between the two strains ( Fig. 2d) , suggesting that impaired insulin secretion in response to glucose did not contribute to hyperglycaemia in C3H-14 . a IpGTT at 12 months of age in C3H-11 NSY (n=28; black squares) and C3H mice (n=38; white squares). b Growth curve in C3H-11 NSY (n=17-56; black squares) and C3H mice (n=21-39; white squares). Body weight was measured after fasting (3, 6, 9 and 12 months) and under ad libitum feeding (7 and 13 months mice. In contrast, the glucose-lowering effect of insulin during ITT was markedly and significantly impaired in C3H-14 NSY compared with that in C3H mice at and after 6 months (Fig. 2e) . HOMA-IR was also significantly higher in C3H-14 NSY than in C3H mice at and after 6 months (Fig. 2f ).
These observations suggest that insulin resistance, but not impaired insulin secretion, contributed to glucose intolerance in the C3H-14 NSY strain. To clarify the cause of insulin resistance in C3H-14 NSY , anatomical analysis was performed (Table 1) . No significant . a IpGTT at 12 months of age in C3H-14 NSY (n=32; black squares) and C3H mice (n=38; white squares). b Growth curve in C3H-14 NSY (n=15-36; black squares) and C3H mice (n=21-39; white squares). Body weight was measured after fasting (3, 6, 9 and 12 months) and under ad libitum feeding (7 and 13 months). (Fig. 3a) . Longitudinal analysis of glucose tolerance revealed that gAUC in C3H-11 NSY 
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NSY was significantly higher than in C3H mice at all ages (p<0.0001), but not as high as in NSY mice (Fig. 3c) . The insulinogenic index in C3H-11 NSY 14 NSY mice was significantly lower than in C3H mice, and was similar to that in NSY mice at all ages (Fig. 3d) . The glucose-lowering effect of insulin in C3H-11 NSY 
NSY mice was significantly impaired as compared with C3H mice at all ages (Fig. 3e) . Insulin resistance in C3H-11 NSY 14 NSY mice, however, was not as severe as in NSY mice (Fig. 3e, f) . These results indicate that the major components of genetic susceptibility to hyperglycaemia in NSY were located on NSY-Chr11 and NSY-Chr14, but that other component(s) are also necessary for full reconstitution of the NSY phenotypes.
C3H-11 NSY 14 NSY mice showed significantly higher body weight than C3H mice at all ages (p<0.01) (Fig. 3b) 
NSY mice showed significantly higher body weight and BMI compared with C3H mice, NSY and C3H-14 NSY mice were not significantly different from C3H mice in these respects. Histologically, the heavier BAT showed deposition of fat, resembling white adipose tissue (data not shown), as was previously reported for mice with diet-induced obesity [16] . The percentage of fat-pad weight/body weight in C3H-11 NSY 
NSY and C3H-14 NSY mice was significantly higher than in C3H mice, whereas no significant difference was observed between C3H-11 NSY and C3H mice. As shown in Table 2 , C3H-11 NSY 14 NSY showed hyperglycaemia, which appeared to be simply an additive, not synergistic, effect of NSY-Chr11 and NSY-Chr14. The insulinogenic index in C3H-11 NSY 14 NSY mice was similar to that in C3H-11 NSY and parental NSY mice at all ages (Figs. 1d, 3d and Table 2 ), whereas that in C3H-14 NSY mice was similar to that in C3H mice at all ages ( Fig. 2d and Table 2 ), suggesting that a major component(s) for impaired insulin secretion in response to glucose in NSY mice is located on Chr11. Insulin resistance in C3H-11 NSY 
NSY mice was greater than in C3H-11 NSY and C3H-14 NSY mice, but less than in NSY mice (Table 2 ). This suggests that major components for insulin resistance in NSY are located on both Chr11 and Chr14, but that these two chromosomes are not sufficient to fully reconstitute the phenotypes of the parental NSY mice.
DNA sequence of Gck as candidate gene on chromosome 11
The nucleotide sequences of Gck, spanning the 5′ upstream region, 5′ untranslated region (UTR), coding region and 3′ UTR, were determined in NSY (Accession number AB255658) and C3H (Accession number AB255659) mice. As shown in Fig. 4 , a total of eight variants-seven single nucleotide polymorphisms (SNPs) and one insertion/ deletion-were identified between NSY and C3H mice. The SNPs in introns were not located in exon-intron boundaries. Using the TFSEARCH program, the substitution in the 5′ upstream region was shown to be not located in the known cis element. When the variants identified between NSY and C3H mice were compared with reference sequences, six out of eight polymorphisms found in NSY mice were identical to those in C57BL/6 mice, and five out of eight polymorphisms were identical among NSY, 129SV and C57BL/6 mice, but they were different from those in C3H mice. The insertion polymorphism in C3H mice in the 3′ UTR was not found in the other three strains.
Discussion
This study clearly demonstrated that substitution of a single Chr11 or Chr14 from the diabetes-resistant C3H strain to the diabetes-susceptible NSY strain caused marked changes in diabetes-related phenotypes. The mechanisms of inducing hyperglycaemia, however, appeared to be different between C3H-11 NSY and C3H-14 NSY mice. NSY-Chr11 affects both insulin secretion and insulin sensitivity, whereas NSYChr14 affects insulin sensitivity but not insulin secretion. Interestingly, impaired insulin secretion in C3H-11 NSY was as severe as that in NSY mice, indicating that impaired insulin secretion in the NSY mouse could be accounted for mostly, if not totally, by Chr11. Despite the marked insulin resistance observed in C3H-11 NSY mice, no significant difference was observed in adiposity and obesity between NSY mice is independent of adiposity and obesity. In contrast, C3H-14 NSY mice showed a slight but significant increase in percentage fat-pad weight/body weight, suggesting that insulin resistance in C3H-14 NSY mice is at least in part associated with an increase in adiposity.
Type 2 diabetes develops when the pancreatic beta cell cannot compensate for insulin resistance [17] . The capacity of insulin secretion deteriorates with age, whereas insulin resistance increases with age, at least in common forms of type 2 diabetes under polygenic control. In this study, C3H-11 NSY mice showed that insulin secretion was impaired as early as at 3 months and continued to be impaired thereafter at any age. In contrast, insulin resistance worsened in an age-dependent manner. C3H-14 NSY mice did not show impaired insulin secretion at any age, but showed an agerelated change in insulin resistance. These results demonstrate that each susceptibility gene(s) on Chr11 and Chr14 interacts with the ageing process in the development of insulin resistance, but not of insulin secretion.
In our previous mapping, F2 mice homozygous for NSY alleles at both Nidd1n and Nidd2n showed hyperglycaemia comparable with that in the parental NSY mouse [7] . These data, together with the marked phenotypic changes in each of the single consomic strains observed in the present study, suggest that type 2 diabetes in NSY may be oligogenic, with Nidd1n and Nidd2n accounting for most of the phenotypic changes in NSY. To ascertain whether or not Nidd1n and Nidd2n are sufficient to reconstitute most of the NSY phenotypes, a double consomic strain, C3H-11 NSY 
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NSY with both Nidd1n and Nidd2n, was produced. Although the degree of hyperglycaemia in C3H-11 NSY 14 NSY was greater than that observed in each single consomic, it was not as severe as that in NSY. These results suggest that additional genes on other chromosomes are necessary for the full expression of diabetes-related phenotypes of NSY mice. Moreover, in contrast to the absence of obvious obesity in each single consomic strain, C3H-11 NSY 14 NSY mice showed significant obesity, demonstrating that genetic interaction between the two chromosomes plays a role in causing obesity. Thus, the present study clearly demonstrated that major components of genetic susceptibility to type 2 diabetes in NSY are located or clustered on Chr11 and Chr14, which can account for the majority of the phenotypic difference between NSY and C3H mice, but significant interaction between these two chromosomes as well as between these and other chromosomes is necessary for full reconstitution of the phenotypes. The syntenic region on mouse Chr11 and Chr14 is human Chr17, 5q, 7p (for Nidd1n) and Chr3p, 10q, 8p, 13q (for Nidd2n). These regions are, therefore, considered to be candidate regions containing diabetogenic genes in humans. In fact, loci associated with type 2 diabetes have been mapped by whole-genome screening in humans [18] [19] [20] [21] [22] [23] [24] . More recently, many genome-wide or large-scale association studies revealed several candidate genes for type 2 diabetes and fasting glucose, such as KCNJ11, KCNQ1, IGF2BP2, TCF7L2, MTNR1B, G6PC2, and GCKR [25] [26] [27] [28] [29] , although the orthologues of these genes are not located on mouse Chr11 and Chr14. In mice, linkages with type 2 diabetes were also reported on Chr11 [30] [31] [32] [33] and Chr14 [34] [35] [36] [37] in several independent crosses (ESM Table 3 ).
We previously reported sequence analyses of the genes for hepatocyte nuclear factor-1β, GLUT4 and nucleoredoxin [6, 7, [38] [39] [40] . In this study, we determined the nucleotide sequences of Gck, which is mapped in the centromeric region of Chr11. Although other positional candidate genes, such as genes for insulin-like growth factor binding protein (Igfbp) 1 and 3, are also located in the centromeric region of Chr11, Gck, which encodes glucokinase, a main glucose-phosphorylating enzyme acting as a glucose sensor of pancreatic beta cells, is a good functional candidate gene for QTL, which is located in the centromeric region of Chr11, because the QTL was linked to glucose/insulin ratio as well as hyperglycaemia [7] . Heterozygous mutations in the gene for human glucokinase, GCK, have been identified in patients with MODY [41, 42] . In the general population, a polymorphism in the beta cell-specific GCK promoter is associated with hyperglycaemia [43] . In mice, impaired insulin secretion and normal histology of pancreatic islets, as observed in C3H-11 NSY mice in the present study, were reported in mice with pancreatic beta cell-specific targeted disruption of Gck [44] . In a large scale mutagenesis project using N-ethyl-nitrosourea, it was reported that a number of mutations in Gck were identified in mice with the type 2 diabetes phenotype [45] [46] [47] . We found seven SNPs and one insertion/deletion polymorphism between NSY and C3H mice. The NSY allele is similar to that in C57BL/6 mice, but different from that in C3H mice. Interestingly, inbred control strains of mice have been reported to exhibit marked differences in glucose tolerance, with C57BL/6 mice having the worst and C3H mice the best glucose tolerance [48] . It is therefore reasonable to speculate that the combination of variants with weaker effects in the non-coding SNPs in Gck results in susceptibility to common forms of type 2 diabetes, whereas functional mutations in exons cause a more severe form of diabetes, as in the case of MODY in humans [42] . Functional studies, including studies on insulin secretion in isolated islets, are necessary to clarify whether or not a variant of Gck is the cause of the insulin secretory defect in NSY, C3H-11 NSY and C3H-11 NSY 
NSY mice. In summary, the present study clearly provides direct evidence that Chr11 and Chr14 harbour diabetogenic genes in the NSY mouse. Introgression of each single chromosome onto control mice led to marked changes in phenotype. These two chromosomes interact to cause a more severe phenotype (hyperglycaemia) or a phenotype that was not observed in a single chromosome (obesity), suggesting a different mode of gene-gene interaction depending on the phenotype. The present study indicated the usefulness of the consomic strategy in proving the localisation as well as studying the functions and interactions of susceptibility genes for multifactorial diseases in general and diabetes-related phenotypes in particular, by dissecting disease-related phenotypes into each component. Marked changes in the phenotypes retained in the consomic strain will facilitate the fine mapping and the identification of the genes responsible and their interactions. The consomic strains established in the present study are also useful to study the interaction of genes on each chromosome with environmental factors in conferring susceptibility to diabetes. These studies are now under way.
